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Abstract 
The metastable titania phase, bronze, has great potential as photo-catalyst or as 
anode material in Li-ion batteries. Here, we report the first synthesis of colloidally 
stable, size-tunable TiO2-bronze (TiO2-B) nanocrystals, via a hydrothermal process. 
By employing Definitive Screening Design, the experimental parameters affecting 
the size and agglomeration of the nanocrystals are identified. The size is mostly 
determined by the reaction temperature, resulting in 3 – 8 nm NCs in the range of 
130 °C – 180 °C. To avoid irreversible aggregation, short reaction times are desired 
and in this respect microwave heating proved essential due to its fast heating and 
cooling rates. The resulting nanocrystals are de-aggregated and stabilized in polar 
solvents using either positive or negative surface charges. In nonpolar solvents, 
steric stabilization is provided by long chain amines and carboxylic acids. 
Furthermore, we study this peculiar post-synthetic surface modification through 
solution 1H NMR and elemental analysis. Surprisingly, we find ion-pairs of 
alkylammonium carboxylates bound to the surface, contrasting with earlier reports 
on carboxylic acid stabilized metal oxide nanocrystals. To rationalize this, a general 
framework of acid/base chemistry with metal oxide nanocrystals is constructed and 
discussed.  
Introduction 
Titanium dioxide (TiO2) is abundant, non-toxic, and thermally, physically and chemically 
stable. It is employed in diverse applications ranging from white pigments in food or cosmetics, 
to (photo) catalysis,  gas sensing, fuel cells and batteries.1-4 In contrast to the three well-known 
crystal polymorphs of TiO2 (anatase, rutile, brookite), the metastable, monoclinic bronze phase; 
TiO2-B, is far less studied. Nonetheless, interest in this crystal phase has grown significantly in 
the last decade due to its potential as photocatalyst,5-7 electrochromic layer8 and as anode 
material in Li-ion batteries.9-15 However, TiO2-B suffers from both low electronic and ionic 
diffusion rates.9, 16 Hence the general strategy of reducing the dimensions to the nanoscale, in 
order to reduce the diffusion length.17  
There are three main synthetic strategies for nanoscale TiO2-B. In the first approach, anatase or 
rutile TiO2 is dissolved with strong base and the resulting layered titanates, H2Ti4O9, are 
calcined at 500 °C to form the Bronze phase.18 This method has been adapted for the synthesis 
of nanowires,19, 20 nanotubes21 and nanorings.12 In a second approach, a  titanium precursor 
(TiCl3, TiCl4, Ti(OEt)4 or Ti(OiPr)4) is solvothermally reacted in an organic solvent (ethylene 
glycol or 1-octadecene) under acidic or basic conditions, leading to TiO2-B nanosheets,
7, 13, 22 
nanowires,23 nanorods24 or meso-structures.25, 26 Both these methods lead to aggregated 
nanoparticles with phase impurities (anatase/rutile), are time consuming and are unable to 
synthesize nanocrystals smaller than 10 nm in diameter. As a third strategy, Kobayashi et al. 
developed an one-step hydrothermal procedure for TiO2-B nanocrystals (NCs).
27 In this 
straightforward synthesis, an aqueous solution of a titanium glycolic acid complex is 
hydrothermally treated in a pressure bomb at 160 °C for 24h. Although the primary nanocrystals 
are small (6 nm), highly crystalline and pure TiO2-B, they are extensively agglomerated into 
secondary particles of 0.3-3µm.11, 28, 29  
To optimize the performance of photocatalytic processes or Li-ion batteries, colloidally stable 
NCs with adjustable surface chemistry and tunable size are required. Small NCs are compatible 
with small electron/ion diffusion coefficients,9 feature larger surface areas and can be 
assembled into frameworks at high loading.30 However, larger particles suppress undesired 
surface effects,11 reduce the amount of electron-hopping sites31 and feature a higher 
crystallinity. Therefore, every application features an optimum nanocrystal size corresponding 
to maximum performance. However, such a size dependent analysis is only possible on 
uniform, aggregation-free samples. The same conditions apply for the general patterning,8, 32 
assembly33 or deposition34 of NCs. Typically, to obtain colloidally stabilized NCs, organic 
surfactants are either present during the synthesis35, 36 or are added post-synthesis.37-39 In both 
cases, the nature and coordination of the ligands to the surface, i.e., the surface chemistry,34  is 
key to the colloidal stability. In addition, the surface chemistry is often the determining factor 
in nano-catalysis,40 photoluminescence,41, 42, photovoltaics,43 electrochromics44 and 
thermoelectrics.45 Unfortunately, none of the current synthetic protocols delivers colloidally 
stable TiO2-B nanocrystals with tunable size or surface chemistry.  
Given the phase purity and the small NC size, we take the hydrothermal process of Kobayashi 
et. al. as a starting point and redesign it into the first agglomeration-free synthesis of 
monodisperse TiO2-B NCs, size controlled from 3 to 8 nm. In an innovative and systematic 
approach, Definitive Screening Design (DSD) is used to identify the governing parameters.46, 
47 To reduce irreversible aggregation, it is imperative to replace the slow traditional heating 
with fast microwave heating (5-45 min). Furthermore, by adjusting the surface chemistry, we 
stabilize TiO2-B NCs in both polar and nonpolar media. In polar media (water, MeOH, EtOH, 
DMF), the NCs feature a negative zeta potential due to the basic environment generated by 
bases like triethylamine (TEA) or 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU). In nonpolar 
media (CHCl3 or toluene), oleylamine (OLAm) also removes acidic surface protons and 
stabilizes the nanocrystals to a limited extent. Furthermore, oleic acid (OLAc) removes the 
surface bound sulfate groups and completes the de-aggregation. Finally, the NCs could also be 
stabilized in DMF with a positive surface charge by removing the organic ligands with 
BF3:Et2O. Since both the size and surface chemistry of these TiO2-B NCs can be precisely 
tuned, they are the ideal building blocks for all applications of TiO2-B. 
Experimental Section 
General considerations. Titanium (Sigma – 99.7%), hydrogen peroxide (Honeywell – 35%), 
ammonia (Fisher –28%), glycolic acid (Sigma – 99%), sulfuric acid (Roth – 96%), 
triethylamine (Sigma – 99.5 %), oleylamine (Sigma – 98%), oleic acid (Sigma – 99%), 
methanol (Fiers – 99.8%), ethanol (PanReac – 99.8%), chloroform (Carlo Erba – 99.9%), 1,8-
diazabicyclo[5.4.0]undec-7-ene (Fluka – 98%), deuterium oxide (Euriso-top – 99.9%), 
octylamine (Sigma – 99%), dodecanoic acid (Sigma – 98%), chloroform-d (Euriso-top –
99.8%), hexane (Sigma –  ≥95%), toluene (Sigma – 99.8%), BF3:Et2O (Acros – 48%), 
dimethylformamide (Sigma – 99.8%) and acetone (Fiers – 99.5%) were used without 
purification.  
Nanocrystal synthesis. TiO2-B NCs were synthesized in a microwave setup, with the titanium 
precursor synthesized according to Kobayashi et. al.27 In a reference synthesis, titanium powder 
(0.047 g, 1.0 mmol) is dissolved overnight in a mixture of H2O2 solution  (4 mL, 60 mmol) and 
ammonia solution (1 mL, 12 mmol) in water) resulting in a clear yellow solution. Next, 0.114 
g (1.5 mmol) of glycolic acid is added, and this mixture is heated to 80 °C until a gel-like yellow 
precursor remains. This gel is dissolved in 2 mL H2O and 0.13 mL sulfuric acid (2.3 mmol). 
The total volume of the precursor is adjusted to 4 mL with H2O, and added to a 10 mL 
microwave vial. This solution is heated for 30 min at 160 °C, yielding a white finely precipitated 
suspension of TiO2-B NCs. The synthesis was performed with a CEM Discover microwave set 
up equipped with auto sampler and IR temperature detection. For a standard 160 °C – 30 min 
reaction a typical pressure/power/temperature profile is given in Fig S1.  
Surface modification. The homogenized reaction mixture (1 mL, 0.25 mmol Ti) was 
centrifuged at 4000 rpm for 1 min. The white precipitate was washed 3 times with H2O and 
centrifuged at 4000 rpm for 1 min. To this white solid, oleylamine (OLAm, 100 µL, 0.3 mmol) 
was added and stirred for 30 min. Subsequently, chloroform (1 mL) and oleic acid (OLAc, 100 
µL, 0.32 mmol). This clear suspension is precipitated with 2 ml acetone and re-suspended in 
chloroform. The ligands could be removed and stabilized in DMF with a positive surface charge 
using the procedure described in Doris et. al.48 In particular, TiO2-B NCs (0.25 mmol Ti) 
stabilized with OLAm/OLAc were suspended in 0.5 ml of CHCl3 and 0.5 ml hexane. To this 
suspension, 20 µl BF3:Et2O in 1 ml DMF was added and the mixture was rigorously stirred. 
After 5 minutes a white precipitate appeared, which was centrifuged at 4000 rpm for 1 min. 
The white precipitate could be redispersed in DMF (1 ml) and precipitated with toluene. To 
stabilize the nanocrystals polar solvents with a negative surface charge, the post-synthetic white 
precipitate (1 mL of reaction mixture) was, after washing with H2O, air dried and to this solid 
triethylamine (15 µL, 0.07 mmol) was added and stirred. To this clear solution, 1 mL of H2O 
(or MeOH, EtOH, etc.) was added, subsequently giving a clear colorless suspension.    
DSD experiment 
The design was constructed around four factors (k = 4), the amount of glycolic acid (χ1), sulfuric 
acid (χ2), the microwave temperature (χ3) and the microwave time (χ4). The factor levels 
(minimum, center, maximum) were chosen corresponding with a preceding design study, which 
can be found in the supporting info. A four factor design needs 13 experiments to identify the 
factors causing a significant nonlinear effect.46 Two responses are examined: the nanocrystal 
size (Y1) and the agglomeration (Y2), while the crystal phase is monitored to be the desired 
Bronze phase.  The nanocrystal size is determined by calculating the mean size of an ensemble 
of +100 nanocrystals selected from TEM images. The agglomeration (Y2) was set to be the Z-
average value from DLS, determined from 8x diluted OLAm/OLAc stabilized NCs in CHCl3. 
For the analysis of the responses, the statistical software package JMP® was used.  
Characterization 
A Malvern Nano ZS was used in back-scattering mode (173°) for dynamic light scattering 
(DLS) and zeta-potential measurements. Zeta-potentials were measured at 40 V in monomodal 
mode. Transmission electron microscopy (TEM) images were taken on a JEOL JEM-2000FS 
TEM with Cs corrector. Powder X-ray diffraction (PXRD) patters of the adsorbents were 
collected on a Thermo Scientific ARL XTra diffractometer, operated at 40 kV, 40 mA using 
Cu Kα radiation with 0.15418 nm wavelength. Nuclear magnetic resonance (NMR) 
measurements were recorded on a Bruker Avance III spectrometer operating at a 1H frequency 
of 500.13 MHz and equipped with a BBI-Z probe. The sample temperature was set at 298.2 K.  
One-dimensional (1D) 1H, HSQC, HMBC, COSY and 2D NOESY (nuclear Overhauser effect 
spectroscopy) spectra were acquired using standard pulse sequences from the Bruker library. 
NOESY mixing time was set to 300 ms, and 2048 data points in the direct dimension for 512 
data points in the indirect dimension were typically samples, with the spectral width set to 11.5 
ppm. Diffusion measurements (2D DOSY) were performed using a double-stimulated echo 
sequence for convection compensation and with monopolar gradient pulses. 
Results and Discussion 
Microwave versus traditional heating. A titanium-peroxo compound is synthesized 
according to Kobayashi et al.27, 49 Subsequently, a complex with glycolic acid is formed and 
the pH is adjusted with sulfuric acid (Scheme 1). The complex is decomposed into TiO2-B NCs 
in a hydrothermal synthesis, executed either in a specialized microwave setup (with a glass 
vessel) or in a traditional oven (with a stainless-steel bomb).  
 
Scheme 1. Synthetic approach to bronze TiO2 nanocrystals. 
Microwave heating results in a nanocrystal powder that can be de-aggregated into individual 
nanocrystals (Figure 1A) by the addition of a specific surfactant combination; a 1:1 ratio of 
oleylamine and oleic acid. This post-synthetic treatment renders the particles dispersible in 
nonpolar solvents such as chloroform and toluene. Although at first sight this surface 
modification seems identical to the de-aggregation of ZrO2 and HfO2 NCs synthesized in benzyl 
alcohol,39, 50 the final surface chemistry is very different (vide infra). In contrast to the 
microwave synthesis, the NCs synthesized in a traditional oven are irreversibly agglomerated 
into 0.3 - 3 µm secondary particles and the same post-synthetic surface modification could not 
fully disperse or de-aggregate the NCs (Figure 1B). Nevertheless, the size of the primary 
particles (5.5 nm) is the same, irrespective of the heating method. In addition, both the 
traditional oven and the microwave furnace provides phase-pure bronze TiO2 according to the 
XRD diffractogram  (Figure 1C) with crystallite domains of 4.8 nm.  
 
Figure 1: A) TEM image of non-agglomerated TiO2-B NCs synthesized in the microwave at 160 °C for 30 min, stabilized with 
OLAm/OLAc, after 2 purification steps.  B) TiO2-B NCs synthesized in a traditional oven at 160 °C for 30 min. C) XRD pattern 
of microwave synthesized (160 °C/30min) TiO2-B NCs. D) XRD pattern of TiO2-B NCs in the autoclave at 160°C for 30 min 
In both C and D only diffraction patterns of the Bronze phase are identified, with reference pattern ICSD # 657748. The sharp 
peak * at a 2θ of 33 ° can be assigned to the Si-substrate used for the XRD acquisition.  
Controlling nanocrystal size and aggregation.  Considering the success of microwave 
heating in obtaining colloidally stable TiO2-B NCs, we sought a systematic method to 
understand the factors that (1) determine agglomeration and (2) tune the size of the NCs.  
Therefore, we turned to a design of experiments, Definitive Screening Design (DSD), as this is 
a powerful method to determine the descriptive equation of each material property (called the 
response, Y) with a minimal amount of experiments.47 We choose to monitor two responses; 
the NC size, quantified by its diameter as determined from TEM (Y1) and the agglomeration of 
the NCs after surface modification with oleic acid and oleylamine, quantified by the Z-average 
parameter from Dynamic Light Scattering (Y2). Four factors were identified as potentially 
significant in affecting these responses: the amount of glycolic acid (χ1), the amount of sulfuric 
acid (χ2), the reaction temperature (χ3) and the reaction time (χ4). The concentration of Ti metal 
was kept constant at 0.25 mol L-1.  
DSD is a three-level factor design and -1, 0 and 1 factor levels are chosen based on preliminary 
experiments (see Table 1 and SI). The limitations were set based on the formation of alien 
phases, for example at 200 °C, anatase starts to form. Therefore, the maximum temperature (+1, 
χ3) was set at 180 °C. For the present four factor (k = 4) analysis, 13 DSD experiments (3k+1) 
are performed.46 The different experiments and responses are shown in Table 1 and the 
corresponding TEM and DLS experiments can be found in the SI.  
Table 1. Definitive screening design of 4 factors: amount of glycolic acid, χ1, amount of sulfuric acid, χ2, the reaction 
temperature, χ3 and the reaction time, χ4. The obtained results are the nanocrystals size (diameter), Y1 and the agglomeration 
quantified by the Z-average value from DLS experiments, Y2. Both the training set entries (T1-T13) as the control experiments 
(C1-C2) are listed.  
 χ1 χ2 χ3 χ4 Y1 Y2 
 
Entry 
Glycolic acid 
(mmol ) 
H2SO4 
(mmol) 
T 
(°C) 
Time 
(min) 
Size 
(nm) 
Z-av. 
(nm) 
T1 1.5 2.8 180 45 7.8 ± 1.5 209 
T2 1.5 1.6 130 5 5.0 ± 1.1 74.15 
T3 2 2.2 130 45 5.5 ± 1.6 24.24 
T4 1 2.2 180 5 6.2 ± 1.4 20.43 
T5 2 1.6 155 5 6.5 ± 1.5 27.78 
T6 1 2.8 155 45 6.4 ± 1.3 221.6 
T7 2 2.8 130 25 5.5 ± 2.3 132.6 
T8 1 1.6 180 25 5.8 ± 1.4 33.15 
T9 2 2.8 180 5 7.0 ± 1.9 121.8 
T10 1 1.6 130 45 4.5 ± 1.3 18.85 
T11 2 1.6 180 45 5.1 ± 1.6 99.82 
T12 1 2.8 130 5 3.6 ± 1.2 19.67 
T13 1.5 2.2 155 25 5.4 ± 1.9 55.49 
C1 1 2.8 130 5 2.8 ± 0.5 16.14 
C2 1.5 2.2 190 5 8.0 ± 1.0 17.61 
 
The data was analyzed by the statistical software package JMP® and in table S5 the significant 
effects (main, interaction and quadratic) are listed. The corresponding scaled model equations 
for the NC size (Y1 in nm) and agglomeration (Y2 in nm) are respectively: 
Y1 = 5.716 + 0.306 ( 
𝜒1−1.5
0.5
 ) + 0.47 ( 
𝜒2−2.2
0.6
 ) + 0.77 ( 
𝜒3−155
25
 ) – 0.0307 ( 
𝜒1−1.5
0.5
 ) ( 
𝜒3−155
25
 )  
+ 0.6743( 
𝜒2−2.2
0.6
 ) ( 
𝜒3−155
25
 )       (1) 
Y2 = 33.386 + 45.092 ( 
𝜒2−2.2
0.6
 ) + 30.968 ( 
𝜒4−25
20
 ) + 62.455 ( 
𝜒2−2.2
0.6
 ) ( 
𝜒2−2.2
0.6
 )  
– 34.049  ( 
𝜒2−2.2
0.6
 ) ( 
𝜒4−25
20
 )       (2) 
As apparent from the coefficients of equation 1, the NC size is about equally affected by the 
glycolic acid concentration and the sulfuric acid concentration. However, the main factor 
determining the NC size is the reaction temperature χ3. The higher the temperature, the larger 
the NCs, within the 130 -180 °C range. The reaction time χ4 is even absent from equation 1, 
indicating a very fast nanocrystal nucleation and growth. This is confirmed by the almost 
quantitative yield of the reaction, even for the shortest reaction time studied (5 minutes, yield: 
95 %).  
The extent of agglomeration is determined by the reaction time χ4 and the sulfuric acid 
concentration χ2 (Eq. 2). Given the slow heating and cooling rate of a stainless-steel bomb, this 
explains the extensive agglomeration of NCs synthesized in traditional oven. Indeed, the 
effective reaction time at elevated temperature is prolonged by these slow rates and 
consequently, the aggregated nanocrystals are useless for their envisioned applications.14, 27, 28 
Alternatively, the microwave achieves a heating rate of 100 °C/min and cooling rate of 50 
°C/min. We conclude that microwave heating is superior in synthesizing aggregate-free TiO2-
B NCs as it allows for very short reaction times.  
In Figure 2A the size predicted by the model is plotted against the experimental size. An 
excellent correlation for all measurements is found, indicating the good fit of the response 
equation (3). The dispersion of the predicted vs. experimental agglomeration is a bit higher 
(Figure 2B), possibly due to external factors affecting the DLS measurements. Nevertheless a 
clear influence of the reaction time χ4 and sulfuric acid concentration χ2 can be expected. For 
clarity, we define non-agglomerated NCs as samples with a Z-average smaller than 50 nm (grey 
area in Figure 2B).  
 Figure 2. (A) Predicted vs. experimental NC size and (B) the predicted agglomeration vs. experimental agglomeration. (C) 
TEM image of TiO2-B NCs synthesized via the parameters of C1 (Table2), and (D) NCs synthesized with parameters C2. 
Having established our model using a training set of experiments, we turned to validating the 
model with control experiments (C1-C2, Table 1). We aimed a synthesizing two NCs sizes (3 
and 7.5 nm) without aggregation. Based on the previously obtained insights, we chose a reaction 
time of 5 minutes to avoid irreversible agglomeration. In principle, the sulfuric acid 
concentration χ2 has a quadratic effect on Y2, and thus the lowest agglomeration is found around 
the ‘0’ factor level, corresponding to 2.2 mmol. However, to obtain 3 nm NCs, the dependency 
of Y1 to χ2, obliged us to fix the amount of sulfuric acid at 2.8 mmol. The temperature was set 
at 130 °C for 3 nm NCs and at 190 °C for 7.5 nm NCs. Note that we venture outside the DSD 
training set window (130 - 180 °C) to maximize the nanocrystal size. This is warranted because 
very short reaction times were used, thus precluding anatase formation. In Figure 2C and 2D, 
TEM images of the resulting NCs of experiment C1 and C2 are displayed. Both controls only 
produced NCs with the Bronze phase (Figure S3-S4), combined with very low Z-average values 
(Table 1). Also from Figure 2A and 2B, the success of these control experiments is clear since 
they fit the trend of the training set. We conclude that this model is a powerful tool to rationally 
design the synthesis of aggregate-free TiO2-bronze NCs of any desired size between 2.8 and 8 
nm.  
Elucidating the surface modification. To study the TiO2-B NC surface chemistry in detail, 
5.5 ± 1.9 nm NCs are synthesized (see experimental). The TiO2-B NC precipitate is isolated 
and cannot be directly dispersed in any solvent. However, when triethylamine is added, the NCs 
are readily stabilized in the base and can be subsequently dispersed in either water, methanol, 
ethanol, chloroform or dimethyl formamide. In the 1H spectrum of such a TiO2-B NC dispersion 
in D2O (Figure 3A), the resonances of protonated triethylamine are easily recognized at 1 and 
2.7 ppm. The singlet at 3.8 ppm was attributed to desorbed glycolic acid and this assignment is 
corroborated by 2D HSQC and HMBC analysis (Figure S10 and S11). Any adsorbed glycolic 
acid would be undetectable in NMR as the reduced mobility at the surface enhances the rate of 
T2 relaxation.
51 We thus infer that the NC were originally capped by glycolic acid and in water, 
hydroxide ions have at least partly displaced glycolic acid. The ligand exchange is facilitated 
by the high concentration of hydroxide and glycolic acid’s high solubility in water. In 
comparison, no glycolic acid is released in chloroform from the surface of triethylamine 
stabilized NCs (Figure S12). The triethylamine stabilized NCs feature a negative zeta potential 
(-35 mV) in water, indicating an electrostatic stabilization mechanism. Upon decreasing the pH, 
the NCs destabilized gradually and at a pH of 3.85 the isoelectric point is reached (Figure 3B), 
which is in compliance with the slightly acidic nature of the surface bound OH’s of TiO2.52, 53 
At lower pH, the zeta potential increases again in absolute value, now with a positive value. We 
conclude that the role of triethylamine in the stabilization is simply to provide a basic 
environment. To confirm this hypothesis, the surface modification and transfer to water was 
successfully performed with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). DBU is a sterically 
hindered base, only capable of deprotonation and cannot directly coordinate to the surface.   
 
 Figure 3. (A) 1H NMR spectrum of TiO2-B NCs stabilized with triethylamine in D2O. (B) Zeta-potential titration of TiO2-B 
NCs stabilized with DBU in H2O (pH 7.1), showing a Zeta-potential of -35 mV. By adding a diluted HCl solution, the NCs 
gradually precipitate.  
When oleylamine is employed as a base, the NCs can also be dispersed in chloroform. 
Unfortunately, as indicated by DLS (Figure 4), the solvodynamic diameter (27 nm) is much 
larger than the primary particle size (5.5 nm), indicating some residual degree of aggregation. 
However, the addition of oleic acid causes a significant decrease in the solvodynamic diameter 
to about 10 nm. This is the expected value since the inorganic core (5.5 nm) plus twice the 
ligand shell (2 nm) is about 9.5 nm. Interestingly, when only oleic acid is used, without 
oleylamine, the NCs are not stable and precipitate. 
 
Figure 4. Size distribution by DLS of TiO2-B NCs in chloroform, when either only oleylamine is added or when both 
oleylamine and oleic acid are added  
To further elucidate the roles of the different surfactants, we turned again to solution 1H NMR. 
It is difficult to distinguish oleylamine from oleic acid in NMR since both have the same 
characteristic alkene resonance. Therefore, for the purpose of the NMR experiments, either the 
combination of oleylamine with dodecanoic acid or the combination of octylamine with oleic 
acid was used for the surface modification.54 After functionalization, the NCs were purified 4 
times using acetone to remove unbound ligands. In both cases, the 1H NMR spectrum (Figure 
5A and 5B) features an broadened alkene resonance, indicating that both the amine and the 
carboxylate remain bound to the nanocrystal surface. Therefore, we hypothesized that the NC 
surface is stabilized by ion pairs of alkylammonium carboxylate, a binding motif already 
observed in CdSe55, 56 and CsPbBr3
57 nanocrystals. Pulsed Field Gradient spectroscopy further 
confirmed the binding of the ion pair to the NC surface. A diffusion coefficient of 115 ± 4 µm²/s 
is obtained for both oleic acid and oleylamine (Figure S14 and S15). This corresponds to a 
solvodynamic diameter, ds, of 7.0 ± 0.3 nm and is slightly smaller than what would be expected 
of a 5.5 nm crystal with oleate ligands (ds = 9.5 nm). This indicates some degree of exchange 
between a bound and free state with however the highest contribution from the bound state. 
Due to the small contribution of the free state, the resonances close to the surface are detected 
albeit excessively broadened. Around 8 ppm, the characteristic ammonium resonance is 
observed, further confirming the presence of an alkylammonium carboxylate ion pair. The 
relatively tight binding of the ion pair stands in contrast to the high lability of the ligand shell 
of CsPbBr3 nanocrystals,
57 and the TiO2-B dispersion features an excellent long term colloidal 
stability. Note that the dispersion needs to be kept away from light due to the high photocatalytic 
activity of the TiO2-B NCs. Indeed, after exposure of the NCs to natural sunlight for 8 hours, 
the NMR spectrum clearly features degradation products of the organic ligands (Figure S16).  
 
 Figure 5. 1H NMR spectrum of TiO2-B NCs in CDCl3 stabilized with (A) dodecanoic acid and oleylamine after 3 purification 
steps and (B) octylamine and oleic acid after 3 purification steps.  The alpha resonance refers to chloroform while the beta 
resonance corresponds to acetone. 
To further confirm the stoichiometry of the ion pair, we sought to remove the ligands from the 
nanocrystals surface. Surprisingly, established procedures such as stripping with trifluoroacetic 
acid,58 NOBF4,
59 or Meerwein’s salt60 did not succeed in separating the ligands from the NCs. 
Only treatment of the NCs with BF3 according to Doris et al.
48 resulted in precipitation of the 
nanocrystals. The latter could be redispersed in polar solvents such as DMF with a cationic 
surface charge (zeta potential = +52 mV). The supernatant with the stripped ligand was 
evaporated and measured in NMR (Figure S17).  From the relative integration of the amine and 
acids signals we conclude a 1:1 ratio of amine to carboxylic acid.   
Discussion of the surface model 
To rationalize the conclusions from the Design of Experiment and the observations during the 
surface functionalization experiments, we strived to obtain a complete surface chemistry 
picture. In this respect, the surface of the as-synthesized NCs is difficult to characterize because 
the candidate surface species are either NMR inactive (SO4
2-) or too small and close to the 
surface to be observed (H+, glycolic acid).51 However, CHNS analysis clear showed the 
presence of sulfur in the as-synthesized nanocrystals (Figure S18), strongly suggesting surface 
adsorbed sulfate ions. In addition, glycolic acid is clearly released from the surface upon 
stabilization of the NCs in water. Therefore, both species are present on the NC surface and it 
is thus no surprise that their concentration during synthesis plays a role in the size and degree 
of aggregation (vide supra). Finally, a brønsted base such as oleylamine is able to partially 
stabilize the NCs in chloroform and an ammonium resonance is observed in the 1H NMR 
spectrum, proving the presence of surface protons. Combined, these conclusions give rise to a 
surface chemistry picture with surface adsorbed protons, sulfate and glycolate moieties 
(Scheme 2).  
 
Scheme 2. (A) Surface functionalization in water with triethylamine. Given the high solubility and acidity of sulfuric acid in 
water, we hypothesize desorption from the surface upon addition of base. (B) Surface functionalization in chloroform with 
oleylamine. (C) Surface functionalization in chloroform with oleylamine and oleic acid. These cartoons are simply intended to 
represent surface species and surface reactivity and are not an accurate representation of the true binding mode, which is 
probably chelating for oleate or involves a five-membered ring for glycolate.  
In water, the TiO2-B NCs are charge stabilized with hydroxide ions due to the basic 
environment created by triethylamine (Scheme 2A). The glycolic acid and sulfuric acid on the 
surface of the as-synthesized NCs desorb due to their high solubility in water. In contrast, 
functionalization with oleylamine in chloroform does not lead to desorption of these surface 
species. Rather, oleylamine is protonated and remains associated with the surface (Scheme 2B). 
When both oleylamine and oleic acid are added in excess, CHNS analysis (Figure S19) shows 
that after purification the NCs don’t contain sulfur anymore, suggesting an exchange of sulfate 
for oleate ligands (Scheme 2C). Glycolic acid is detected in the supernatant of the washed cycles 
(Figure S20) and we conclude that it is also replaced by oleate ligands. At first sight, the 
replacement of inorganic sulfate ions for carboxylate ligands is very similar to the surface 
modification of hydrogen chloride capped hafnium and zirconium oxide nanocrystals.39, 40, 50 
However, in those cases, the final surface chemistry consisted of dissociated carboxylic acids.39 
In addition, a very large excess of alkylamine is necessary to form an ion pair and remove the 
carboxylate from the surface.61 In contrast, here we consistently retrieve tightly bound ion pairs 
of alkylammonium carboxylates on the NCs, even if a threefold excess of carboxylic acid with 
respect to amine is used. This indicates a higher acidity of the titania surface, which is 
corroborated by its lower isoelectric point (3.85 for TiO2-B and 8.3 for HfO2).
62 Importantly, 
since the isoelectric point does not change significantly among the titania polymorphs63, these 
results suggest that dissociated carboxylic acids on titania nanocrystals are impossible to obtain 
in the presence of amines. NCs that were previously assigned as such are more likely stabilized 
by an alkylammonium carboxylate ion pair.64 Our results also hint at the almost molecular 
acid/base behavior of metal oxide nanocrystals where the isoelectric point is equivalent to a 
pKa. From this point of view, the dissociative behavior of acids on titania and hafnia can be 
easily rationalized. Strong acids such hydrochloric acid or sulfuric acid have negative pKa’s, 
clearly lower than the “pKa” of titania (3.85) or hafnia (8.3) and consequently dissociate on 
either surface. However, carboxylic acids (pKa = 4.75) are one order of magnitude less acidic 
than titania while still several orders more acidic than hafnia. Therefore, carboxylic acids don’t 
dissociate on titania while they do on hafnia. With these fundamental insights, we can precisely 
predict the surface chemistry of any metal oxide – provided the isoelectric point is known or 
measured – and turn them in valuable building blocks.  
Conclusion 
For the first time, we present a size tuning strategy towards colloidally stable TiO2-bronze 
nanocrystals. By performing a design of experiments, we showed that the main parameter 
influencing the NC size is the reaction temperature while agglomeration is determined by the 
reaction time and the sulfuric acid concentration. Therefore, by using fast microwave heating, 
irreversible aggregation could be completely avoided and several subsequent surface 
functionalizations delivered colloidally stable NCs in either polar solvents with a positive or 
negative surface charge or in nonpolar solvents with steric surfactants. With a microwave 
temperature ranging from 130 °C – 180 °C, NCs in the size range of 3 – 8 nm can be selectively 
synthesized. As-synthesized NCs feature surface adsorbed glycolic acid and sulfuric acid, 
which are replaced by an oleate ligand during the surface modification in a nonpolar solvent. 
Surprisingly, the NCs are not stabilized by dissociated carboxylic acid like HfO2 and ZrO2 NCs 
but rather by alkylammonium carboxylate ion pairs. We have correlated this unique feature to 
the higher acidity of titania and therefore, it also applies to the other polymorphs of titania. As 
such, these results will not only spur research into the application of TiO2-bronze NCs in 
batteries or photocatalysis but also provide guidance in the functionalization of metal oxide 
surfaces in general.  
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